Abstract. We studied the effects of stubble carbon / nitrogen (C / N) reserves or residual leaf area (RLA) on the contribution of taproot C / N reserves to shoot regrowth of Medicago sativa L. after cutting. The study assessed the effects of two cutting heights (6 and 15 cm), two RLAs (0 or 100%), and two initial C / N reserve levels (high N or low N) on forage production, nitrogen (N) distribution, and C / N reserve dynamics within stubble and taproot.
Introduction
Alfalfa (Medicago sativa L.) is a herbaceous perennial legume of great agricultural importance, which has been grown for centuries as forage for ruminant livestock (Bolton et al. 1972; Hill 1987) . However, the area sown to alfalfa has been significantly reduced in recent years, mainly because of difficulties associated with two interacting characteristics: forage productivity, and stand persistence (Lemaire and Allirand 1993) . Optimisation of these two agronomic parameters has long been pursued at the field level (Graber et al. 1927; Hodgkinson 1969; Brink and Marten 1989) . However, results are generally observational and could be improved by a detailed study of carbon and nitrogen resource Abbreviations used: DM, dry matter; ELISA, enzyme-linked immuno-sorbent assay; HN, high nitrogen; LA, leaf area; LN, low nitrogen; RLA, residual leaf area; TNC, total non-structural carbohydrates, VSP, vegetative storage protein.
distribution and utilisation at the whole-plant level (Philippot et al. 1991; Lemaire and Allirand 1993) .
During post-cutting regrowth, the synthesis of new photosynthetic shoot tissues requires the mobilisation of C and N reserves previously stored in perenniating organs (Hodgkinson 1969; Avice et al. 1996a; Volenec et al. 1996) . In alfalfa, the taproot represents the major storage organ. In addition to its soil-anchoring role, this organ accumulates high concentrations of C and N compounds, which sustain initial shoot growth in spring as well as shoot regrowth after cutting . For example, total non-structural carbohydrates (TNC), consisting mainly of soluble sugars and starch, can reach up to 100 and 580 mg g −1 taproot dry weight (DW), respectively (Fankhauser et al. 1989; Brown et al. 1990; Boyce and Volenec 1992; Ourry et al. 1994 ). Owing to their abundance during winter and their extensive mobilisation during initiation of shoot growth in spring, numerous studies concluded that these TNC are essential for winter survival, persistence, and spring growth . In addition, the cutting tolerance of forage legumes and grass species has been positively associated with TNC levels and their rapid utilisation during early post-cutting regrowth (Graber et al. 1927; Grandfield 1943; Habben and Volenec 1990; Volenec et al. 1996) . Nevertheless, results from field studies focusing on alfalfa genotypes differing in root TNC concentrations (Volenec 1985; Fankhauser et al. 1989; Avice et al. 1997b) , and data where root TNC levels have been modified using contrasting cutting frequencies in summer or fall (Edminsten and Wolf 1988; Sheaffer et al. 1988; Avice et al. 1997b; Dhont et al. 2003 ) reported a poor relationship between root TNC concentration and shoot spring growth.
Experiments using 14 C or 13 C and 15 N labelling have shown that endogenous alfalfa N pools are also largely used to support regrowth, while the endogenous C pools are mainly used to support respiration of the residual plant organs during early regrowth (Ta et al. 1990; Ourry et al. 1994; Avice et al. 1996a; Barber et al. 1996) . Several studies have since focused on understanding the physiological roles of the different N reserve pools in taproots. Taproot soluble proteins and, to a lesser extent, amino acids, represent the quantitatively most important N reserve pools with more than 50 and 25% of total taproot soluble N compounds, respectively (Hendershot and Volenec 1993b; Meuriot et al. 2003 Meuriot et al. , 2004 . Moreover, four vegetative storage proteins (15, 19, 32 and 57 kD VSPs) , which can represent up to 40% of taproot total soluble proteins, were identified as having a key role in N storage in alfalfa taproots (Hendershot and Volenec 1993a; Avice et al. 1996b; Gana et al. 1998) . These VSPs are mobilised at twice the rate observed for other taproot soluble proteins 10 d after shoot removal, and re-accumulate rapidly as shoots begin reproductive development (Avice et al. 1996b) . Using various management treatments applied under field conditions such as the harvest interval in summer (Avice et al. 1997b) , the timing of fall harvest (Dhont et al. 2003; Haagenson et al. 2003) , or the utilisation of cultivars of contrasting shoot growth potential (Bouchart et al. 1998; Cunningham and Volenec 1998; Dhont et al. 2003) , concentrations of soluble proteins (and especially VSPs) are closely related to shoot regrowth in forage legumes such as alfalfa or white clover (Trifolium repens L.). However, the impact of cutting intensity and residual leaf area on the relative contributions of taproot amino acids, soluble proteins and VSP to regrowing shoot C and N supply remains unclear.
The cutting intensity of alfalfa affects shoot regrowth potential (Kust and Smith 1961; Brink and Marten 1989) . Leaves (through their residual leaf area contribution) and stems (through their C / N status and the number of intact meristematic tissues) remaining in the stubble following shoot removal can affect regrowth. For example, leaves remaining on stubble seem to rejuvenate during early regrowth, and may serve as a C source, which, in addition to or instead of taproot C reserves, may meet the C requirements of regrowing shoots (Hodgkinson et al. 1972; Hart et al. 1978) . Therefore, most agronomic studies have only reported the impact of the stubble leaves through contrasting cutting heights, and have shown that an increased cutting height should be used in conjunction with frequent cutting in order to avoid a reduced forage yield and persistence (Langer and Steinke 1965; Brink and Marten 1989) . Quinn and Hall (1996) reported that removal of leaves from stubble reduced alfalfa forage yield, but failed to determine the mechanisms for this response. Some studies have reported that stubble tissues can contain significant amounts of C and N reserves (Kim et al. 1991; Ourry et al. 1994) , although the impact of the cutting height on the contribution of stubble tissues to regrowing shoot (through tissue and C and N reserve sizes, as well as residual photosynthetic capacities) were solely estimated on an N-partitioning basis. Overall results show that the contribution of stubble tissues to the C and N supply of regrowing shoot should be re-evaluated at the whole-plant level, with particular attention to their influence on taproot C and N mobilisation / re-accumulation dynamics.
The objective of this experiment was to study the impact of stubble C and N reserves and residual leaf area on the contribution of taproot C / N reserves to alfalfa shoots regrowing after defoliation. Non-nodulated alfalfa plants differing in initial C and N reserve level with contrasting cutting heights and residual leaf areas were examined for shoot regrowth, biomass partitioning, and both stubble and taproot C and N reserves dynamics.
Materials and methods

Plant material
Seeds of alfalfa (Medicago sativa L. cv. Lodi) were sown on a synthetic substrate (Oasis pinpot growing medium, Agrimedia, France) in January 2001 and January 2002. Once the primary trifoliate leaves appeared, seedlings were transplanted into plastic pots filled with perlite and irrigated three times a week with 300 mL of a nutrient solution supplemented with 2 mM NH 4 NO 3 in order to repress nodule formation (Kim et al. 1991; Fig. 1) . Plants were grown under greenhouse conditions with a thermoperiod of 20
• C (day) and 18
• C (night), and 16-h photoperiod. Natural irradiance was supplemented with Neon tubes (TLD 36W, Philips, Caen, France) . The plants were cut at 6 or 15 cm height and stubbles were totally removed (100%) or not removed (0%) at the same date (day 0). In order to follow possible year-to-year variability induced by culture conditions, control plants (four replicates of four plants) were also grown each year for each experiment as follows: experiment 1 control plants were grown with 0.2 mM KNO 3 , and experiment 2 control plants were grown with 1.0 mM KNO 3 . crown level of 0.8 ± 0.1 cm and a canopy height of 55.0 ± 5.0 cm. Plants were defoliated as before and transferred to 8-L plastic containers filled with continuously aerated nutrient solution, and kept in a growth chamber until the end of the experiment. The photothermoperiodic conditions remained unchanged but light was then provided with sodium high-pressure lamps (400 W, Phytoclaude, Caen, France) supplying an average PAR of 300 ± 25 µmol photons m −2 s −1 at the top of the canopy. The composition of the nutrient solution remained unchanged except that 2.0 mM KNO 3 was now supplied to prevent possible ammonium toxicity. Into each 8-L container was added 50 mL of 1 mM CaCO 3 to prevent pH variation, and the nutrient solution was renewed every 3 d. On day 130 after sowing, plants were provided with two levels of N, subjected to two cutting heights, and two residual leaf area (RLA) treatments as described below. (Fig. 1) . According to Student's t-test with α = 5% (data not shown), these control plants indicated that there were no significant year-to-year differences on the perennial organs biomass production and partitioning, N content, taproot soluble protein and VSP content.
Application of different N supplies, cutting heights, and leaf area treatments
After 21 d of treatment (i.e. 151 d after sowing), the plants were selected to average a taproot diameter at crown level of 0.8 ± 0.1 cm, an average canopy height of 55.0 ± 5.0 cm, and stubble stem number of 8.0 ± 1.0. The HN and LN plants were cut at 6 or 15 cm above crown level. Half of the plants cut at the 15 cm height were totally defoliated (i.e. plants with no residual leaf area; RLA = 0%), while stubble leaf area on the other half of these plants was left intact (RLA = 100%). This treatment created plants with contrasting initial RLA, which would have not been achieved with 6 cm height cut plants. Plants of all treatments (15HN, 15HN0, 6HN, 15LN, 15LN0 and 6LN) were then transferred into a growth cabinet (E15, Conviron, Winnipeg, Canada) with a controlled CO 2 atmosphere and relative humidity (400 ± 10 µmol mol −1 , HR = 85 ± 5%) and same growth conditions (temperature, photoperiod and PAR = 300 ± 25 µmol photons m
at the top of the canopy). The experiments were now performed with three replicates of three plants for 28 d (i.e. 151-179 d after sowing, Fig. 1 ) on a nutrient solution containing 1 mM K 15 NO 3 labelled with 2.61 atom% 15 N excess to allow determination of N uptake and analysis of N assimilation and partitioning within the plant.
Tissue sampling
Three replicates of three plants were harvested on the day of cutting (day 0; i.e. 151 d after sowing) and after 3, 6, 9, 13 and 28 d of regrowth (Fig. 1) . The root system was carefully washed with cold demineralised water to remove excess KNO 3 nutrient solution. Harvested plants were separated into lateral roots, taproots, stubble leaves and stems (i.e. remaining leaves and stems present at day 0), regrowing leaves and stems, and flowers (the sum of these three tissues then represents the regrowing shoot). Fresh weight of each sample was determined and the leaf area (LA) of the stubble and regrowing leaves were also immediately measured after harvest with a LI-3100 area meter (Li-Cor, Lincoln, NE) . All samples were frozen in liquid nitrogen, and ground to fine powder after freeze-drying. Their dry weight was then determined and the samples were stored under vacuum with desiccant for further C and N extraction and analysis, according to the protocol described by Meuriot et al. (2004) .
Extraction and analysis of C and N pools
Carbon and nitrogen pools were extracted by suspending 200 mg of ground, freeze-dried sample at 4
• C with 2 mL of extraction buffer (pH 7) containing 100 mM sodium phosphate in 14-mL Falcon tubes (Becton Dickinson Labware Europe, Le Pont de Claix, France), according to the protocol described by Meuriot et al. (2004) . After centrifugation (3200 g, 4
• C, for 10 min), the pellet was re-extracted in 2 mL of extraction buffer and the two supernatants were pooled. The resulting supernatant (called S1) was diluted to 4 mL with extraction buffer and was used for biochemical quantification of nitrate, amino acids, soluble proteins and VSPs. The pellet (called P1) was kept at −20
• C for starch analysis.
Nitrate was analysed by HPLC with the DIONEX AI 450 system (Dionex, Sunnyvale, CA) and total amino acids were analysed by spectrophotometry at 570 nm using a ninhydrin assay (80 mg SnCl 2 in 50 mL of 200 mM citrate buffer, pH 5.0, mixed with 2 g ninhydrin in 50 mL dimethyl sulfoxide). Soluble proteins were analysed after protein-dye binding (Bradford 1976 ) and an ELISA procedure was performed for immuno-quantification of VSPs (32, 19 and 15 kDa), as described in detail by Noquet et al. (2001) .
The P1 pellet was extracted with 12 mL of 95% ethanol at 80
• C for 15 min, and was centrifuged at 10 000 g, 4
• C, for 10 min. The Table 1 . Effect of the N supply (HN or LN), cutting height (6 or 15 cm) and residual leaf area (0 or 100% RLA) on plant dry matter, stubble, taproot and lateral roots dry matter observed on the day of cutting (day 0) Results are given as the mean ± SE for each variable (N supply, cutting height and residual leaf area) and for n = 3. Significant differences between values within rows (and compared two by two according to Student's t-tests) 
Calculation of N partitioning within the plant
N content and
15 N abundance in all organs were measured in continuous flow with a C / N analyser linked to an isotope ratio mass spectrometer (IRMS, Roboprep CN and mass spectrometer, PDZ Europa Scientific Ltd, Crewe, UK). Natural 15 N abundance (0.3663% ± 0.0004) of atmospheric N 2 was used as reference for 15 N analysis. As described in several previous studies (Avice et al. 1996b; Meuriot et al. 2003) , the partitioning within the different plant organs of the N derived from the mineral N taken up (N Exo ) or from the N reserves (N Endo ; i.e. N present at day 0) was calculated as follows:
where N T is organ total nitrogen (mg N plant −1 ), E is atom % 15 N excess, E S is nutrient solution atom % 15 N excess (2.61%), and where:
The contribution of reserve-derived N to the regrowing shoot N supply during alfalfa post-cutting regrowth was then calculated as follows:
Statistical analysis
The experiments were performed with three replicates (each replicate containing three plants) and the results then represented the mean ± SE for n = 3. The effects of the different treatments were studied by comparison of the means using Student's t-test with the StatITCF software (Stat ITCF, Version 5.1, 1987, Institut Technique des Céréales et des Fourrages, Paris, France). Newman and Keuls tests (Table 1) , as well as stepwise multiple regressions, were also performed with the StatITCF software. This stepwise multiple regression analysis allows classification of the relative importance of the factors based on their significance in explaining the variance of the measured factors.
Results
Initial biomass partitioning and residual leaf area
Reduction of the N supply significantly decreased the remaining plant biomass at the day of cutting (day 0; Table 1 ). This decline was mainly due to the strong decrease of root biomass (lateral roots and taproot). Irrespective of the cutting height, the reduction of the N supply also significantly reduced the remaining shoot biomass (Table 1) , but strongly increased the RLA (Table 2 ). The greatest RLA was thus observed for 15LN plants with 79 ± 11 cm 2 plant −1 compared with 24 ± 2 cm 2 plant −1 for 15HN plants (Table 2) .
The reduction of both cutting height and initial residual leaf area significantly decreased the stubble shoot biomass at day 0 (Table 1) . The residual leaf dry matter decreased from 0.28 ± 0.01 to 0.13 ± 0.03 g plant −1 for 15LN and 6LN plants, respectively, and residual leaves averaged 20% of total stubble dry matter for all treatments (except 6LN where it declined to 13%) on day 0 (data not shown). As expected, the reduction in cutting height from 15 to 6 cm also strongly decreased RLA about 4-fold on day 0 (Table 2) .
Initial levels of organic C and N reserves in stubble and taproot
Initial non-structural carbohydrates in stubble and taproot
The taproot was the main storage organ for C reserve compounds, and starch represented the most important C reserve pool, greater than sucrose ( Table 2) .
The reduction of the N supply 21 d before cutting did not lead to a significant modification of C reserves within the taproot, where starch and sucrose contents averaged 214 ± 16 and 59 ± 8 mg plant −1 on day 0, respectively (Table 2) . However, C reserve contents of stubble tissues significantly increased for LN plants compared with HN plants.
Initial nitrogen reserves in stubble and taproot
Irrespective of the initial N status, the taproot was also the main N storage organ of alfalfa, with the greatest amino acid and soluble protein contents at day 0 ( Table 2) . The taproot amino acid and soluble protein contents were, respectively, two and four times higher on average than in stubble. Furthermore, nitrate was the smallest N pool within both tissues with 0.9 ± 0.4 mg N plant −1 on average for all treatments. Nitrate contribution to plant N balance was, therefore, considered to be negligible in this experiment when compared with other N pools. The reduction of the N supply strongly decreased nitrate, amino acids and soluble protein contents of both taproot and stubble tissues at day 0 (Table 2) . Taproot soluble protein contents averaged 85 ± 5 mg plant −1 for HN plants compared with 34 ± 1 mg plant −1 for LN plants, while taproot VSP contents remained unchanged. Averaged over cutting height treatments, VSPs represented ∼50% of total soluble proteins within taproots of LN plants compared with 16% for HN plants.
As expected, the reduction of the cutting height from 15 to 6 cm also decreased amino acid and soluble protein contents within the stubble by more than half (Table 2) .
Regrowth potential (regrowing and remaining tissues)
During early regrowth (between days 0 and 13), the shoot regrowth was mainly affected by the initial N status (Fig. 2) . Shoot biomass of HN plants was twice that of LN plants from day 6 onward ( Fig. 2A, B) . Neither cutting height nor stubble defoliation at day 0 influenced shoot regrowth. The stubble biomass remained relatively constant during shoot regrowth after cutting (Fig. 2C, D) , while the taproot biomass decreased more than 25% between days 0 and 6 (Fig. 2E, F) . Owing to high initial taproot biomass of HN plants, taproot DM decline was twice that observed in LN plants between day 0 and day 13 (−0.6 ± 0.1 compared with −0.3 ± 0.1 g plant −1 , respectively).
At the end of the regrowth under non-limiting N conditions (i.e. day 28), stepwise regression analysis (data not shown) and taproots (E, F) after 0, 3, 6, 9 and 13 days after harvest at two cutting heights (6 or 15 cm). Plants were initially provided with two contrasting N levels: high N (HN) or low N (LN). For the 15-cm cutting-height treatment, total defoliation was obtained by removing stubble leaf area (RLA = 0%) at day 0 (15HN0 and 15LN0). Vertical bars indicate ± SE of the mean for n = 3 when larger than the symbol.
revealed that initial N status and the cutting height were the two greatest factors influencing shoot regrowth rates (Table 3) . No significant effect of the residual leaf area was detected, even for stubble or taproot tissues. The initial N Table 3 . Effect of the N supply (HN or LN), cutting height (6 or 15 cm) and residual leaf area (0 or 100% RLA) on plant total dry matter, and stubble, taproot and lateral roots dry matter observed at the end of the experiment (day 28) Results are given as the mean ± SE for each variable (N supply, cutting height and residual leaf area) and for n = 3. status was responsible for 60% of the variance for the regrowing shoot biomass, compared with 15.5% of total variation in shoot biomass being accounted for by cutting height effects.
Stubble and the taproot dry matters were strongly reduced for plants cut to 6 cm height between day 0 and day 28 when compared with plants cut to 15 cm height, suggesting a greater mobilisation of C and N reserves during regrowth in more severely cut plants (Fig. 3) .
Total N in regrowing shoot and contribution of initial N reserves
During post-cutting regrowth, non-nodulated alfalfa plants were supplied with a nutrient solution containing 1 mM K 15 NO 3 , which allowed quantification of exogenous (i.e. deriving from mineral N taken up during regrowth) and endogenous N (i.e. deriving from initial N reserves) partitioning within the different plant organs during regrowth (Fig. 3) .
Total N content of regrowing shoots continuously increased until the end of the experiment owing to N uptake by roots and N mobilisation from vegetative organs, and stepwise regression analysis revealed that initial plant N status accounted for 67% of the variation in shoot biomass on day 28. The HN plants had the highest total N content in regrowing shoot beginning day 3 when compared with LN plants (Fig. 3A, B) . On day 28, regrowing shoots of 15HN plants contained 300 mg N plant −1 compared with 178 mg N plant −1 in 15LN plants. The relative contribution of N reserves present on day 0 to the N nutrition of regrowing shoot decreased throughout the experiment (Fig. 3C, D) . Even though more than 50% of the N supplied to regrowing shoots on day 13 were derived from N reserves, the relative contribution of initial N reserves for LN plants at day 28 was lower than HN plants (24.5 ± 3.6 v. 34.5 ± 2.7% on average, respectively). Regrowing shoots of LN plants relied on exogenous N for more than 75% of their N between days 0 and 28. Both cutting height and RLA had no significant effect on total N content of regrowing shoots (Fig. 3A, B) with the exception of 6HN plants at day 28. However, the relative contribution of initial N reserves was significantly (P<0.0417) decreased for 15LN0 and 6LN plants at the end of the experiment, when compared with 15LN plants. As a consequence, the reduction of the cutting height significantly reduced this contribution from 28 ± 3% for 15LN plants to 21 ± 2% for 6LN plants.
Dynamics of stubble and taproot starch contents during regrowth
Except for the 6HN stubble starch content, extensive starch mobilisation occurred from both stubble and taproot tissues during early regrowth (days 0-13; Fig. 4) . Averaged over treatments, stubble starch content decreased by ∼50% between these dates, and declined even more extensively (to 75%) for 6LN plants (Fig. 4A, B) . However, owing to large differences in initial starch content of stubble, the quantitative decrease was five times greater for LN plants than for HN plants.
Taproot starch content strongly decreased between days 0 and 9, and particularly for plants cut to 15 cm height, where this decrease was more than 90% on average (Fig. 4C, D) . Thereafter, starch re-accumulated in taproots until the end of the experiment for all treatments, while it remained constant within the stubble. However, with the exception of the plants cut to 6 cm, taproot starch re-accumulation was not sufficient to restore starch to pre-defoliation levels. The reduction of cutting height strongly modified starch mobilisation and re-accumulation patterns, while retaining RLA had no significant effect. Taproot starch content decreased ∼60% between days 0 and 3 and remained constant until day 9 for the plants cut to 6 cm. Hence, taproot starch content recovered to pre-defoliation levels for both 6HN and 6LN plants between days 13 and 28.
Dynamics of stubble and taproot amino acid contents during regrowth
During early regrowth (except in the 6LN stubble tissues), there was extensive amino acid mobilisation from both stubble and taproot tissues for all treatments (P>0.453; Fig. 5 ). This mobilisation was more pronounced for HN plants; more than 70% of the initial taproot amino acid content was depleted during 13 d of shoot regrowth for HN plants, compared with only 25% depletion for LN plants. After day 13, taproot amino acid contents strongly increased for all treatments, but remained fairly constant within the stubble. The amino acid content of taproots of 15LN plants on day 28 was twice that observed initially on day 0 (Fig. 5D) .
The reduction of cutting height or RLA did not influence relative amino acid mobilisation from these tissues, but significantly reduced the amino acid re-accumulation in taproots (Fig. 5) . For example, the reduction in cutting height and initial leaf area reduced taproot amino acid reaccumulation on day 28 by an average of 62 and 38%, respectively (Fig. 5C, D) . Moreover, the plants cut to 6-cm height always had the lowest amino acid contents during shoot regrowth.
Dynamics of stubble and taproot soluble proteins and VSP contents during regrowth
There was a strong decrease in both stubble and taproot soluble protein contents during early regrowth for both 15HN and 15HN0 treatments (Fig. 6 ). Soluble protein content of both tissues decreased on average more than 40% for HN plants, while slowly increasing in these tissues for LN plants. Thereafter, the amount of soluble proteins increased rapidly in taproots until the end of the experiment for all treatments (Fig. 6C, D) . Except for the 6HN plants, restoration of taproot protein was complete by day 28. Post-cutting taproot VSP depletion and reaccumulation kinetics were strongly modified by initial N status (Fig. 7) . Unlike soluble proteins, the VSP amounts remained relatively unchanged for HN plants during initial shoot regrowth (Fig. 7A) , while VSPs decreased rapidly in taproots of LN plants to 20% of initial contents (Fig. 7B) . With the exception of plants cut to 6 cm height, there was extensive re-accumulation of VSPs in taproots of other treatments between days 13 and 28. This re-accumulation was larger for HN plants, where the final VSP contents were higher than by day 0. Irrespective of the initial N reserve status, removing stubble leaf area reduced VSP re-accumulation pattern by more than 35%, when compared with nondefoliated plants on day 28. Reducing cutting height from 15 to 6 cm also strongly reduced re-accumulation of VSP by more than 75%, averaged over both HN or LN plants. As a result, compared with day 0, the final VSP content remained unchanged for 6HN plants while it was reduced more than 70% for 6LN plants during this time. A stepwise regression analysis of VSP content on day 28 revealed that ∼65% of the variance was explained by the initial N status, 21% by the cutting height and 3% by the initial residual leaf area (data not shown).
Discussion
Because taproot C and N reserves were reported to be important for shoot regrowth potential of alfalfa ( Lemaire and Allirand 1993; Avice et al. 1996a; Hendershot and Volenec 1993b) , this experiment was designed to study how stubble C and N reserves and / or residual leaf area (both depending on cutting height) influenced the contribution of taproot reserve-derived C and N supply to alfalfa shoots regrowing after defoliation. 
Initial (day 0) plant status
The reduction of the N supply significantly decreased the plant total biomass, as well as taproot and stubble DM, as already observed for alfalfa (Ourry et al. 1994; Meuriot et al. 2003) and for several other species like soybean [Glycine max (L.) Merr.; Rufty et al. 1984] , chicory (Cichorium intybus; Améziane et al. 1997) and ryegrass (Lolium perenne L.; Thornton et al. 1993) . This reduction also strongly decreased tissue N pools (nitrate, amino acids and soluble proteins) by more than 50% with the exception of taproot VSPs that remained quantitatively unchanged. However, in our experimental conditions, and unlike previous studies (Kim et al. 1991; Ourry et al. 1994) , the reduction of the mineral N availability did not alter starch or sucrose contents of taproot, and led to a significant increase in these C pools within stubble. Starch contribution to shoot C supply or root C respiration was considered to be nonlimiting because taproot starch content was ∼20 times higher in this experiment than in field conditions, where starch usually reaches the threshold minimum value of 15 mg g −1 DM during winter (Boyce and Volenec 1992; Li et al. 1996; Cunningham and Volenec 1998; Dhont et al. 2002) . Together with the stepwise regression analysis, this also emphasises the important role of reserve-derived N in providing shoots with their N needs during shoot regrowth (Ourry et al. 1994; Avice et al. 1996a; Barber et al. 1996; Dhont et al. 2003) . Although most C and N reserves were localised in taproot, our results also showed that stubble (i.e. remaining leaves and stems) may represent a secondary storage organ with more than 25% of total plant N reserves present on day 0 for 15-cm cut plants. Nevertheless, the reduction in cutting height decreased stubble shoot biomass and total stubble C and N reserves to approximately one-third of that observed in the plants cut to 15 cm.
Contribution of taproot C and N reserves to the regrowing shoot C and N supply
During early regrowth (days 0-13), the regrowing shoot biomass, total leaf area and root N uptake (data not shown) increased for all treatments, and particularly between days 6 and 13. This initial lag time of 6 d was needed for meristematic reinitiation and subsequent new leaf expansion (Richards 1993; Simon et al. 2004) , and restoration of both photosynthetic C and N capacities of plants. However, in agreement with previous reports (Graber et al. 1927; Grandfield 1943; Avice et al. 1996a) , there was a significant decrease of taproot biomass during this time, while stubble dry matter remained fairly constant. This decrease of taproot biomass was associated with the large decline in taproot total C and N contents during early regrowth, because of extensive mobilisation of starch, amino acids and soluble proteins, which may together account for more than 60% of taproot dry matter (Fankhauser et al. 1989; Brown et al. 1990; Meuriot et al. 2003) . However, our results also clearly showed that no taproot VSP mobilisation occurred during this time for HN plants, while this VSP pool decreased more than 65% for LN plant. In HN plants, the soluble proteins in taproot are mobilised without concomitant decrease of VSP contents. The lack of VSP degradation in this treatment could be explained by the specific deposition of VSPs in vacuole of taproot parenchyma cells (Avice et al. 1996b) . Thus, in plants with high N status, it could be assumed that the amino acids and soluble proteins pools of cytoplasm were first degraded before the mobilisation of VSPs stored in vacuole. Because HN plants had higher initial N reserves in remaining tissues than LN plants, we presume HN plants derived sufficient N to meet shoot regrowth needs by depleting other labile N pools such as amino acids.
Plants in both HN treatments, which had the highest initial amino acids and soluble proteins contents at day 0, also had the greatest relative amino acid (−70%) and soluble protein (−50%) decreases in average within both taproot and stubble tissues between days 0 and 13. Our results showed that the N reserve mobilisation was strongly influenced by the initial C and N status and only occurred within C-and / or N-replete tissues. However, their stubble starch content remained unaffected in the meantime. Under our experimental conditions, taproot starch content did not appear to limit shoot C supply or perennial organ respiration during early regrowth and remained high and far from a threshold minimum value (Li et al. 1996; Cunningham and Volenec 1998) .
Indeed, a stepwise regression analysis reported that the initial N status explained more than 60% of the variance during post-cutting shoot regrowth of alfalfa, and as expected, N reserves played a major role in this process. Total biomass production of LN plants was significantly decreased by an average of 30% on day 28 when compared with HN plants. Taproot nitrogen reserves were also greatly depleted for LN plants and, because of the major role of these reserves during shoot regrowth after cutting (Avice et al. 1997a; Cunningham and Volenec 1998) , we predict that this mechanism would lead to a significant reduction of forage production if a new defoliation / regrowth cycle has been carried out at the end of the experiment. Moreover, we can also assume that if plants have been regrown under N-limiting conditions in our experiment (for example 0.2 mM instead of 1.0 mM KNO 3 ), N mobilisation would have been greater and N re-accumulation reduced within stubble and taproots. Therefore, forage production, as well as plant persistence would have been more severely reduced. Lastly, in the field, N acquisition is dependent on symbiotic N 2 fixation, which is determined by soil mineral N availability and shoot C supply, and strongly reduced (−90%) in the few days following defoliation in alfalfa (Kim et al. 1991) . As a consequence, early shoot regrowth is highly dependent on initial taproot protein reserves as Avice et al. (1997a) or Justes et al. (2002) have reported, and to possible mobilisation of N from nodules.
Modulation of the contribution of taproot C and N reserves by cutting height and RLA
Owing to extensive mobilisation of taproot C and N reserves during early shoot regrowth after defoliation, stubble C and N reserves and stubble residual photosynthetic activity were of particular importance when plants have low initial N reserves in taproot (LN plants). The stubble tissues can supply significant amounts of C and N compounds to nearby axillary buds during early phases of shoot regrowth (Dufour et al. 1989) , supplementing those provided by taproot. Increasing the cutting height is, however, counterbalanced by higher C needs for growth of axillary buds and respiration of remaining stubble, as Richards (1993) and Lemaire (2001) have suggested. This may explain why taproot starch content is more severely decreased during early regrowth for plants cut to 15 cm height than for plants cut to 6 cm height. Thereafter, mobilisation of stubble C and N compounds occurs at the expense of stubble leaf area, and there was greater leaf abscission for LN plants than for HN plants. Even if LN plants experienced lower defoliation stress than HN plants, more than 75% of residual leaf area on stubble was lost by day 6 for 15LN plants, while it took until day 13 to attain this same percentage for 15HN plants (data not shown). A cumulative effect of both initial C and N status and cutting height was also observed for 6LN plants, where rapid leaf abscission occurred after cutting, resulting in a 75% reduction in stubble leaf area by day 3. Because some studies report that stubble leaves can rejuvenate during early post-cutting shoot regrowth in order to supply shoot C needs (Hodgkinson et al. 1972; Hart et al. 1978) , the ability of stubble leaves to supply C to the regrowing shoots was strongly reduced by low initial N reserve levels. Moreover, this greater leaf abscission was accompanied by a concomitant reduction in total plant N uptake (data not shown). The strong dependence of regrowing shoots on reserve-derived N supply was exacerbated in LN plants, but this reserve-derived N supply was rapidly depleted. This mechanism partly explains why regrowing shoot total N of LN plants was already reduced by day 9, when compared with HN plants. As a consequence, the proportion of reserve-derived N in the regrowing shoots was greater for HN plants than for LN plants at the end of the regrowth.
Physiological significance and agronomical application
Our study confirmed previous work reporting that high cutting frequencies are commonly correlated with decreased forage production and persistence (Brink and Marten 1989; Gramshaw et al. 1993; Avice et al. 1997a) . As a result, and even if stubble contribution to regrowth is smaller than for taproot, management practices leading to increased cutting height (and the initial organic reserves level in stubble) can partly offset this negative effect of high cutting frequencies. However, the present results revealed that this contribution of stubble organic reserves to shoot regrowth is solely effective on a short time scale because, overall stubble reserves are not restored until the end of the regrowth. Consequently, management practices leading to increase cutting height together with the cutting frequency are mostly only effective on a single defoliation / regrowth cycle (i.e. transient increase of forage production) and are not sufficient to significantly increase perenniality, as Kust and Smith (1961) or Gramshaw et al. (1993) failed to explain it. Nevertheless, an increase in the cutting height during the penultimate autumn harvest of alfalfa could be of particular interest for winter survival, persistence and spring regrowth. In addition to a greater forage quality during this penultimate cycle, increasing the cutting height would increase taproot re-accumulation of amino acid and VSP contents during late regrowth, and would prevent an extensive depletion of taproot C and N reserves during the latest alfalfa defoliation / regrowth cycle. Therefore, this mechanism would have a positive effect on winter survival and persistence, as Volenec et al. (1996 Volenec et al. ( , 1998 and Dhont et al. (2002) reported. Moreover, and because the taproot 32 kDa VSP was recently reported to possess an in vitro chitinase activity , increased taproot VSP reserves can lead to a better defence against pathogens during the autumn-winter period. Lastly, recent work has also shown that taproot soluble proteins (and more specifically VSPs) are closely related to shoot regrowth in spring Dhont et al. 2003) . As a consequence, an increased cutting height during the penultimate autumn harvest could also have a positive effect on spring herbage regrowth. These overall observations will be of particular interest for alfalfa management in regions enduring hard and cold winters.
In conclusion, the initial plant N status, the cutting height and the residual leaf area had significant effects on the alfalfa regrowth potential in our experimental conditions. Using stepwise regression analysis, it appeared that the initial plant C and N status is of paramount importance, while the RLA is only significant when plants are already exposed to adverse growth conditions (i.e. low N and low cutting height). Nevertheless, and because overall treatments did not lead to modified shoot-root ratio and exogenous N partitioning at the end of the regrowth (data not shown), our results also showed that alfalfa regrowth is mainly controlled by an optimisation of both biomass partitioning and C / N reserves distribution. Therefore, future works leading to improved knowledge about the plant optimisation of biomass and C and N reserve partitioning and allocation will be of particular interest for better alfalfa management.
